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p • Abstract 

>v 

We review the case for the photon having a tiny mass compatible 
with the experimental limits. We go over some possible experimen- 
tal tests for such a photon mass including the violation of Lorentz 
symmetry. We point out that such violations may already have been 
ON I witnessed in tests involving high energy gamma rays from outer space 

' as also ultra high energy cosmic rays. 

CO 

1 Introduction 

Generally the mass of the photon is taken to be zero. What is not so well 
known is the fact that a photon with a non zero mass does not contradict 
^ ■ established theory, though experiments have provided upper limits to such a 

mass. These upper limits have become more and more stringent and presently 
a good estimate seems to be 10 -57 gms. The author's work has shown that, on 
theoretical grounds, the photon should have a mass ~ 10~ 65 gms [1], which is 
below the experimental limit. We will come back to the theoretical framework 
which suggests the above photon mass, but before that we will discuss some 
experimental tests which can confirm the above results. Indeed it must be 
mentioned that already experiments suggest a non vanishing photon mass. 
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2 Experiments and Results 



1. Laboratory tests have suggested that Maxwell's displacement current is 
a real phenomenon [2j [3], which leads to the fact that vacuum contains a 
dissipative mechanism or friction, which again leads to a non zero photon 
mass. This was achieved by Bartlete and Corle by using squids which enable 
them to directly measure the magnetic field inside a thin circular parallel 
plate capacitor, as it was being charged. 

2. We now briefly describe an experiment which so far has yielded limits [I], 
in agreement with other experimental limits. In this experiment, described by 
Lakes an influence of large cosmic magnetic vector fields on massive photons 
can be measured in the laboratory via the energy density of fJ-yA 2 , where /z 7 is 
the Compton wavelength of the photon. A modified Cavendish balance was 
used for this purpose. A toroid of electrical steel was wound with a current 
carrying wire and supported by water floatation. Stability and a restoring 
torque was provided by a tungsten wire. A fine copper wire provided an 
electrical return path. Further a magnetic shield of MU metal was added 
to try and eliminate noise due to magnetic field fluctuations. The operative 
relation is given by 

/^ambient I = n ( _ } L 32 2 7^1 * sin(Q A ) (1) 

[4V / \w—u ) 

in which is on the angle between ^4 am ki en t an d Earth's rotation axis. As 
can be seen from (CQ) the torque vanishes if the photon does not have a mass. 
Alternatively this could happen if the cosmic ambience vector potential were 
accidentally aligned with the earth's axis of rotation. Such an accident was of 
course ruled out. The experiment with values substituted into ([I]) suggested 
that the photon mass is less than 10~ 52 gms. 

3. Mignani and co-workers have performed experiments which demonstrate, 
surprisingly a violation of Lorentz Invariance in the low energy regime [5]. 
In fact this is exactly what we would expect with the photon mass suggested 
above. This experiment was first performed in 1998 and then repeated in 
1999 with improved sensitivity. Both gave the same result. 

The experiment attempted to detect a DC voltage across a conductor induced 
by the steady magnetic field of a coil. Such a voltage would be a signature of 
a violation of Lorentz Invariance, as it would indicate a non zero Lorentz force 
between the magnetic field generated by a stationary current and a charge, 
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both of which are at rest in the same inertial reference frame. If Lorentz 
Invariance was strictly valid, then such a force would not have existed. The 
conclusion was that there was such a Lorentz violation at an energy threshold 
of 10~ 9 eV, corresponding to a low energy regime. It may be pointed out 
that this threshold is in fact above that in a massive photon with the mass 
suggested above. 

4. With a non zero photon mass we would have, for radiation 

E = hv = m v c 2 [l-v 2 1 /c 2 ]- 1 ! 2 (2) 

From (T5]) one would have a dispersive group velocity for waves of frequency 
v given by (Cf. also ref.[2]) 



2 4"|l/2 



(3) 



We would like to point out that ([3]) indicates that higher frequency radiation 
has a velocity greater than lower frequency radiation reaching one thousandth 
of a second earlier. This is a very subtle and minute effect and is best tested 
in for example, the observation of high energy gamma rays, which we receive 
from deep outer space. It is quite remarkable that we may already have 
witnessed this effect- higher frequency components of gamma rays in cosmic 
rays do indeed seem to reach earlier than their lower frequency counterparts 
[6]. The GLAST satellite of NASA to be launched later in 2007 may be able 
to throw more light on these high energy Gamma rays. 
5. Another consequence of the non zero photon mass is that the usual 
Coulomb potential goes over into a Yukawa potential with a range equal 
to the Compton length of the photon which in fact is ~ 10 28 cms which again 
is the radius of the universe. So the effect will be very small indeed but in 
principle this would lead to, for example a shift in the fine structure energy 
levels that could be observed. 
Let us introduce the Yukawa potential, 

V(r) = ae-^/r (4) 

into the Dirac equation instead of the usual Coulomb potential [7j. In (j4]), 
H is proportional to the mass of the photon ~ I0~ 65 gms and is therefore a 
very small quantity. We introduce (j3]) into the stationary Dirac equation to 
get 

[ca ■ p + (3m c 2 - (E -V(r))]ip(r) =0 (5) 
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From §5$) and (jl]), we can immediately see that roughly the effect of the 
photon mass is to shift the energy levels by a miniscule amount. 
We further introduce the notation 



Q = 2Ar, where A 



mgc 4 - E 2 



he 



After the standard substitutions (Cf.ref. [7]) we finally obtain 



dQ 
~d~Q 



The substitutions 



hcXQJ \Q hc\Q J 

(_X amof\ q i+ (^E_) ^ 
\ Q hcXQ J \hcXQJ 

oo 

$i(Q) = Q 7 E«-Q m , 

m=0 

oo 

MQ) = Q 1 E PmQ m . 



m=0 



in (jTj) leads to 



(aE\ 



a m (m + 7) = a m -i - [j^J a m ~ I X + 



amoC 

p m (m + 7) = -X + , ; 1 «m 4 



/icA 



am c 
hcX 

aE\ 
hcX 



As is well known 7 in (jSJ) is given by 



7 = ±VX 



Or 



(6) 



(7) 



(8) 



(9) 



(10) 



where A is given by ([6]). 

At this stage we remark that the usual method adopted for the Coulomb po- 
tential is no longer valid - mathematically, Sommerfeld's polynomial method 
becomes very complicated and even does not work for a general potential: 
We have to depart from the usual procedure for the Coulomb potential in 
view of the Yukawa potential (jl]). Nevertheless, it is possible to get an idea 
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of the solution by a slight modification. This time we have from 0, instead 
the equations 



aE aEfi 



hc\ 



hc\ 

.2 



\ XPm) +- x Pm \ + , Pm—1 



and 



(m + 7)/3„ 



am c 

hcX 



hcX 



®-m T T Q^m— 1 



hcX 



"I - ~ TPm ~~Z 7~Pm—l 



hcX hcX 

After some algebra on ffTT]) and f[T2]) we obtain 



;i2) 



(13) 
(14) 



Pa m + Q(3 m = -Ra m _i 

where P,Q,S,T can be easily characterized, in the derivation of which we 

will neglect fi 2 and higher orders. 

If 

O-mj Pm = Pm 

then we have from ( TTBl) and ( fl4|) . 

[/(qs - pt) 



Sp m + T 



(RSpm-! - PU) 



We note that the asymptotic form of the series in ([8]) will not differ much 
from the Coulomb case and so we need to truncate these series. For the 
truncation of the series we require 



QS = PT 



This gives 



xhcX 



m + 7 — 



am cr 
aE \ hcX 



E X + 



am c 
hcX 



+ m c [m + 7 



aE 

hcX 



hcXj amod 2 



E I m + 7 + 



aE 

hcX 



2 / , am 0C 



Further simplification yields 



(m + 7) 



hcX 



+ 



a 2 E 2 
h 2 c 2 X 



where 7 is given by ( JTUI) . Finally we get, in this approximation, 



e 2 = m y 



2a< 



In (1150 A is a small quantity 



a 2 + (m + 7) 2 — x 2 



A ~ m 2 c 4 - £ 2 



(15) 



The second term in ( 1T5|) is a small shift from the usual Coulombic energy 
levels. In (1151) m is a positive integer and this immediately provides a com- 
parison with known fine structure energy levels. To see this further let us 
consider large values of m. ([15]) then becomes 



E = moc 2 
while the usual levels are given by 

E = m c 2 



1- — 

2 

mf 



a 



(16) 



2ml 



(17) 



We can see from ([TBI) and (IT7|) that the photon mass reproduces all the en- 
ergy levels of the Coulomb potential but interestingly ffTB"]) shows that there 
are new energy levels because m\ in the new formula can be odd or even 
but 2m 2 , in the old formula is even. However all the old energy levels are 
reproduced whenever m\ = 2m 2 ,. If \i = 0, then as can be seen from ((SJ), we 
get back the Coulomb problem. 

Finally it may be remarked that as noted, in general it is not possible to use 
Sommerfeld's polynomial method for the Dirac equation and the Coulomb 
potential is a special case [8]. Similarly, in scattering problems, the conse- 
quence of the Yukawa potential would be that we can use the usual phase 
shift analysis for short range (i.e. faster than Coulomb) potentials as the 
time 8 e /8i_i would converge, though slowly, with increasing I. 
6. Interestingly there is a cosmic coincidence which has puzzled astronomers 
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and which can be explained exactly by the photon mass [0] . There has been 
a wealth of data from the WMAP (Cf. for example [TQl [TT]). One of the 
intriguing findings is that the dark energy domination and the CMB power 
supression, both occur around the same red shift and energy scale - cor- 
responding to the Hubble radius ~ 10~ 33 eV. As has been pointed out [12J, 
this raises three disturbing questions, viz., the small magnitude, the so called 
tuning problem and why this should occur during this epoch, that is the co- 
incidence problem, and finally why do both coincidences occur at the energy 
scale of our present Hubble radius of 10~ 33 e^. The question has also been 
asked, " Does all this suggest new physics?" . 

We now show that this is explained in terms of the Planck scale underpin- 
ning for the universe, as has been discussed in detail in the literature (Cf. 
refs.|13[ [HI [151 EE] and references therein) and indeed is an observational 
confirmation for the model. We summarize the main results. The universe 
can be considered to have an underpinning of N Planck oscillators. Further 
we have 

R=y/Nl P (18) 

In ( fl8l) i?(~ 10~ 33 ey) is the radius of the universe and lp ~ 10~ 33 cms is 
the Planck length. It can also be shown that iV ~ 10 120 . Moreover there is 
a minimum mass (or minimum dark energy scale) in the universe which is 
given by 

m = mp/VN ~ KT 65 #m ~ 10~ 33 eV (19) 
(Details can be found in the above references). 

It can now be seen that the puzzling small energy scale ~ 10~ 33 eV referred 
to earlier is exactly the same as the minimum allowable mass m given in 
f[T9|) . Moreover the Compton wavelength of this mass is exactly ~ R, the 
Hubble radius referred to earlier. What all this means is, at this point of time 
in the universe, there is a minimum energy of the background dark energy 
~ 10- 33 eV. 

7. Finally we remark on some indirect evidence for the photon mass. It 
has been shown by Ignatiev and Joshi [17] that a photon with a vanishing 
mass would imply the existence of the magnetic monopole. The fact that 
no monopole has been found even after nearly eighty years should therefore 
indicate that the photon has a small mass. 
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3 Theoretical Framework 



We now come to the theoretical framework which prompted the author to 
suggest the above photon mass [TJ [9] . Recently the author deduced from the- 
ory that the photon has a small mass of ~ I0~ e5 gms, this being consistent 
with the velocity of light and also with experimental limits on the photon 
mass as above discussed already pQ. Interestingly from purely thermody- 
namic reasoning Landsberg had shown that the above mass is the minimum 
allowable mass in the universe [18]. More recently from a completely unre- 
lated point of view, it was shown by the author that this is the minimum 
allowable mass in the universe in a model where zero point oscillators at the 
Planck scale provide the underpinning for the universe [TDJ EE]- 
The derivation of the photon mass uses the fact that for the Langevin equa- 
tion in the limiting case of low viscous resistance, a particle behaves like 
a Newtonian particle moving in the absence of any external forces with a 
uniform velocity given by 

(v) = — 
m 

If in the above relation we use extreme values of the minimum thermody- 
namic temperature of the universe and the minimum mass, we recover the 
velocity of light. To be more specific we use the Beckenstein temperature 
given by 

he 3 

~ <&nkMG 

with M ~ I0 55 gms, the known mass of the universe. This gives us the value 

T ~ 10- 28 K 

For the minimum mass we use a result due to Landsberg (Cf.ref. [H]), and 
also the same result independently obtainable as noted above from a model 
of Planck oscillators, viz., 

m ~ 10~ 65 gms 

It must be stressed that though the above equation for the average velocity 
square resembles the root mean square temperature equation of thermody- 
namics, it is in fact different. Moreover, this velocity would be maintained 
for the age of the universe and would be Lorentz invariant [20] (Cf.ref. [1] for 
details). It may be pointed out that all this is in the spirit of the experimen- 
tal results of Bartlete and Corle referred to in Section 2. 
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We now give a further theoretical justification for the above. We first ob- 



serve that as is well known 
following form 



Maxwell's equations can be written in the 



* = E + tB, 
V x * = z\i> 
V- * = 



(20) 
(21) 
(22) 



Equations (I2"0"j) to (12"2"I) will be useful in the sequel. 

We next observe that Maxwell's equations have been deduced in a fashion 
very similar to the Dirac equation, from first principles [22J. In this deduc- 
tion, we use the usual energy momentum relation for the photon 



2„2 



E - p z c 







and introduce matrices given in 



S x 



s z 






' 







) ,s v = | 




























) ,/ (3) = 


( : 


1 


!) 




V 








(23) 



from which we get 



E 2 a 
"T5--P 



E 




-J (3) + p- S * 



(P •*) 



(24) 



where \I/ is a three component wave function and in general bold letters 
denote vector quantization. 
Equation (f2"l|) implies 



(^/ {3) + p ■ s) * = 0, 
p * = 0, 



(25) 
(26) 
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where S is given in (1231) . There is also an equation for \&* namely 



E 



-J (3) - p • S * 



0. 



(27) 



p = 0, (28) 

It is then easy to verify (Cf.ref. [22]) that with the substitution of the usual 
Quantum Mechanical energy momentum operators, we recover equations (1201) 
to ( l22l) for ^ and its complex conjugate. 

Recently a similar analysis has lead to the same conclusion. In fact it has 
been shown that under a Lorentz boost |24j . 



(S-P) 

mc 



(s-p) 2 



m(E+mc 2 ) 



x (Sj>) 

mc m(E+mc 2 ) 





(s-p) 2 



We would like to point out that equations f[2"Tj) . (12"2"|) . (123|) to 

symmetry 

p — > -p , * — > ^* 

We now invoke the Weinberg- Tucker-Hammer formalism (Cf. 
for a Lorentz boost equations 




1 + + (S ■ p) 2 m(£ + m) 



m 



) which gives, 
(30) 



1 



Sp 



(S-p) 2 m(£ + m) U L , 



(31) 



where the subscripts R and L refer to the states of opposite helicity, that is 
left and right polarised light in our case. 

We now observe that equations (129|) and (!30l) - (!3T!) are identical, but there is a 
curious feature in both of these, that is that the photon of electromagnetism 
is now seen to have a mass m. 

It can be argued that this is a result of the non commutativity of spacetime 
at a micro scale. We observe that a photon mass would imply the equation 



-m 2 A v 



(32) 



where we have the usual equations of electromagnetism 



d"A, 



0. 



(33) 



10 



= d il A v - d v A„ (34) 

We note that from (1541) we get 

d^F^ = DA U - d»d v A» (35) 

where D denotes the D'Alembertian. In view of (|33|) . the second term on the 
right side of (|35|) would vanish, provided the derivatives commute. In this 
case we would return to the usual Maxwell equations. However in the non 
commutative case this extra term is 

p 2 A fl ~ m 2 A fJi 

remembering that we are in units c = 1 = H. 

Thus because of the non commutativity we get (|32|) instead, of the usual 
Maxwell equation. 

The question of non commutativity and mass generation in the context of 
gauge theory has been studied by the author elsewhere (Cf. [25l [26], [T6]). 
In any case the above points to the fact that there would be no massless 
particles in nature. The point is, that in an idealized situation in which the 
radius R — ► oo, the mass m 7 — > 0. 



4 Discussion 

We had referred to the violation in Lorentz symmetry caused by the mass of 
the photon. It may be mentioned that such violations can be deduced from 
the author's fuzzy spacetime approach. Here we have a modified dispersion 
relation (c = 1 = h) 

E 2 = m 2 +p 2 + otl 2 p 4 (36) 

where a is a dimensionless constant of order unity. (For fermions, a is nega- 
tive). This leads to a modification of the Dirac and Klein-Gordon equations 
at ultra high energies (Cf.ref. [T6| [271 128])- With this, it has been shown by 
the author that in the scattering of radiation, instead of the usual Compton 
formula we have 

= mfco + af [Q 2 + 2mQ] 2 

[m + fco(l -cosQ)) [ ' 

where we use natural units c = % — 1, m is the mass of the elementary par- 
ticle causing the scattering, k, ko are the initial and final momentum vectors 



11 



respectively and Q = k — k, and G is the angle between the incident and 
scattered rays. Equation (157)) shows that k = k + e, where e is a positive 
quantity less than or equal to ~ I 2 , I being the fundamental length. It must 
be remembered that in these units k represents the frequency. The above 
can be written in more conventional form as 

hv = hv [l + 0(/ 2 )] (38) 

Equation (1551) effectively means that due to the Lorentz symmetry violation 
in (155)) . the frequency is increased or, the speed of propagation of a given 
frequency is increased. As noted such models in a purely phenomenological 
context have been considered by Glashow, Coleman, Carroll and others. In 
any case what this means in an observational context is that higher frequency 
gamma rays should reach us earlier than lower frequency ones in the same 
burst. As Pavlopoulos reports (Cf.ref. [5J) this indeed seems to be the case. 
Subject to further tests and confirmation, for example by NASA's GLAST 
satellite to be launched shortly [29J, spacetime at a micro or ultra high energy 
level is not a smooth manifold, brought out by this manifestation in for 
example (156)) . 

It may also be mentioned that further encouragement for these approaches 
comes from the fact that in the AGASA experiment, already 12 events of the 
violation of the GZK cut off have been reported. 
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